Imaging of DNA, keyhole limpet hemocyanin, mouse monoclonal IgG, and glucose oxidase on a mica substrate has been accomplished by scanning electrochemical microscopy with a tungsten tip. The technique requires the use of a high relative humidity to form a thin film of water on the mica surface that allows electrochemical reactions to take place at the tip and produce a faradaic current (Ϸ1 pA) that can be used to control tip position. The effect of relative humidity and surface pretreatment with buffer solutions on the ionic conductivity of a mica surface was investigated to find appropriate conditions for imaging. Resolution of the order of 1 nm was obtained.
Imaging of DNA, keyhole limpet hemocyanin, mouse monoclonal IgG, and glucose oxidase on a mica substrate has been accomplished by scanning electrochemical microscopy with a tungsten tip. The technique requires the use of a high relative humidity to form a thin film of water on the mica surface that allows electrochemical reactions to take place at the tip and produce a faradaic current (Ϸ1 pA) that can be used to control tip position. The effect of relative humidity and surface pretreatment with buffer solutions on the ionic conductivity of a mica surface was investigated to find appropriate conditions for imaging. Resolution of the order of 1 nm was obtained.
H igh-resolution imaging of nanostructured materials, especially soft and sensitive biological samples, poses a great challenge in material science and biology. The structures of individual biological molecules at nanometer-scale resolution have been traditionally studied by high-resolution electron microscopy and x-ray crystallography. However, these techniques often require difficult sample-preparation procedures and potentially damaging experimental conditions or depend on the availability of obtaining crystalline samples. The atomic-force microscope has been extensively used to image biological samples and is especially convenient because the molecules can be observed under ambient or physiological conditions. However, atomic-force microscopy does not provide chemical information, and special precautions are required to prevent the tip from damaging or altering the sample. In the family of scanning probe microscopes (1), the scanning electrochemical (EC) microscope (SECM) allows for both structural and chemical information of the surface (so-called chemical imaging). However, the application of SECM has largely focused on analytical investigations, e.g., in studies of interfacial kinetics, rather than as a highresolution imaging tool (2) . In the amperometric mode, the SECM is similar to the better-known scanning tunneling microscope (STM), in that it measures the current flow through a conductive tip. However, it differs from the STM in that the current response is an EC one, and the sample is interrogated by solution species generated or reacting at the tip rather than by a strong interaction with the tip itself.
The resolution attainable with a SECM is largely governed by the tip size and the distance between tip and sample. Most SECM measurements are carried out with the sample under a thick liquid layer; under these conditions, the tip must be sheathed in an insulator so that only the very end is exposed to solution to achieve high resolution. SECM measurements can also be carried out in ambient or humid air. When a substrate, like mica, with a hydrophilic surface is exposed to air, a thin layer of water forms on the surface. As shown by Guckenberger et al. (3) , imaging is possible within this thin liquid layer. As we have discussed previously (4, 5) , the current that passes between tip and contact is a faradaic one, based on EC reactions that take place within the thin liquid layer. In this case, very high resolution can be attained with a tip without insulation, because only the end of the tip is in contact with the liquid layer. A similar approach was previously used to fabricate small metal or conductive polymer structures in polymer films by carrying out EC deposition in air (6) (7) (8) . Etching and imaging of highly ordered pyrolytic graphite at nanometer resolution was also achieved by this approach (9) . In the latter case, etching took place only when the highly ordered pyrolytic graphite was biased at a voltage Ͼ2.3 V with respect to the tip; a negative substrate bias did not generate a pattern, strongly suggesting that an EC oxidation occurs in the etching process.
Following the work of Guckenberger et al. (3) , we recently carried out some preliminary SECM measurements on mica surface in humid air and reported the imaging of a Nafion thin film (4) and the deposition of silver nanostructures (5) . In this paper, we describe the imaging of biological samples (DNA and some structurally well-characterized protein molecules) with this technique. The results are compared with those obtained by the more established techniques. Finally, we investigated the effects of humidity and various surface treatments (with different buffer solutions) on the conductance of a mica substrate.
Materials and Methods
Chemicals. Plasmid DNA (2.96 kbp, 21.75 g͞ml) and keyhole limpet hemocyanin (KLH; molecular mass of Ϸ7-8 ϫ 10 6 Da) samples were kindly provided by B. L. Iverson and G. Chen (University of Texas, Austin). The mouse monoclonal IgG (11.0 mg͞ml; molecular mass of 150 kDa) Ab sample was obtained from Jackson ImmunoResearch, and glucose oxidase (GOD; molecular mass of 160 kDa, from Aspergillus niger) was purchased from Roche Molecular Biochemicals. These samples were used as received in imaging without additional purification. Ir-Pt (20-80%) rods with a 0.25-mm diameter were obtained from FHC (Brunswick, ME), and W rods with a 0.5-mm diameter were obtained from Aldrich. Mica sheets were purchased from Spruce Pine Mica Company (Spruce, NC). Tris͞ EDTA (TE) buffer [10 mM Tris⅐HCl (pH 7.6)͞1 mM EDTA] and phosphate buffer [0.12 mM NaH 2 PO 4 ͞0.84 mM NaCl͞0.046 mM NaN 3 (pH 7.4)] were prepared from reagent-grade chemicals and deionized water (Milli-Q; Millipore).
Instrumentation and Sample Preparation. The instrument employed in the following studies was capable of both SECM and STM measurements with a current sensitivity of Ͻ0.05 pA (10) . W tips were used in most of the work reported here and were prepared by electrochemically etching the 0.5-mm diameter wires in 3 M NaOH with a carbon plate counter electrode at 20 V rms until the tip was completely out of the solution. The SECM͞STM scanning head was contained in a Faraday cage and a Plexiglas box in which the relative humidity (RH) of the atmosphere was controlled by various humidity-limiting solutions (11, 12) . A nearly steady-state humidity within the box was usually attained within 1 hr as determined by monitoring the surface conducAbbreviations: EC, electrochemical; SECM, scanning electrochemical microscope (or microscopy or microscopic); STM, scanning tunneling microscope (or microscopy or microscopic); KLH, keyhole limpet hemocyanin; GOD, glucose oxidase; RH, relative humidity; TEM, transmission electron microscopy.
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tance of the mica sample or by measuring the RH with a humidity probe (model 6517-RH; Keithley). The tip-sample arrangement is shown in Fig. 1 . In all experiments, the tip was laterally positioned ca. 1 mm away from the Au contact on the mica, and the imaging process was carried out in the constant current mode. In the ac-admittance measurements, a small ac voltage (10 mV peak-to-peak amplitude, 10 kHz) was superimposed on the dc bias, and the admittance was measured with a phase-sensitive detector (13, 14) .
Throughout this work, 1 ϫ 0.5 cm pieces of mica partially coated on one side with ca. 50-nm-thick Au contact, which served as the reference͞counter electrode, were used as the substrates. Au deposition was carried out by vacuum evaporation. If not otherwise mentioned, the mica substrate was treated with a small drop (Ϸ10 l) of a phosphate buffer solution containing the specimen for ca. 10 min in the lab ambient (at ca. 25°C). The sample was then mounted on the SECM͞STM and allowed to equilibrate with the atmosphere within the humidity chamber for ca. 1 hr before the scanning experiments were carried out.
The biological specimen and the mica substrate are normally covered by a thin layer of water (a few nanometers or less) at moderate RH. When the tip, biased with respect to the Au electrode, is brought into contact with the water layer containing a sufficient concentration of ions, a measurable current (ϷpA) results. When the constant-current mode, as normally operated in STM, is used, the feedback mechanism will cause the tip to move up and down to maintain contact with the thin electrolyte layer. Therefore, the z-position of the tip provides information about the surface topology of the specimen.
Results

Surface Conductance of Mica-The Effects of Relative Humidity and
Ion Concentration. To obtain information about the surface conductivity of a mica substrate, after treatment with a buffer solution that can serve as a source of ions in the condensed liquid layer as a function of humidity, the following experiment was carried out. Two 50-nm-thick Au contacts separated by ca. 1 mm were deposited on a 1 ϫ 0.8 cm piece of mica. A small drop (Ϸ10 l) of a buffer solution was spread over the gap to cover an area of ca. 0.3 ϫ 0.8 cm. After partially drying in the ambient for ca. 10 min, the mica substrate was then allowed to equilibrate with the atmosphere within the humidity chamber for at least 1 hr before the current-voltage (iV) curves were obtained. Fig. 2 shows a series of semilogarithmic plots of iV curves for a bare mica substrate at different RH. On a very dry mica surface, the measured current was very small-ca. 20 fA at 2 V bias [with anhydrous Mg(ClO 4 ) 2 as the desiccant, in the chamber, RH Ͻ 10%]; it increased at least five orders of magnitude to 6.9 nA at 93% RH. Fig. 3 summarizes the conductance values measured at 2 V at various RH for the same mica sheet before and after the treatment with TE or phosphate buffer. As shown, the absolute conductance values of the bare mica surface increased slowly at low RH and more rapidly at high RH. A similar trend was reported previously (15) for the thickness of a water film on mica, as measured by ellipsometry, suggesting that observed conductance is closely related to the amount of water adsorbed on the mica surface. The average thickness of the water layer on a bare mica surface is about 0.4 nm at 70% RH (15) . Note that although the surface conductance of the mica substrate was substantially enhanced (by one to two orders of magnitude) by the pretreatment with phosphate or TE buffer, similar behavior was observed for the RH dependence of the conductance with either. As demonstrated below, both buffer solutions can be successfully applied to image biological specimens. The conductance on untreated mica can probably be attributed to the presence of a small amount of ionic species that desorb from the mica or are included in the liquid layer from the air.
EC Behavior. The current at the tip is attributed to oxidation or reduction of species in the liquid layer. Information about the mechanism of current flow was obtained from tip voltammetric curves under different conditions vs. the Au counter electrode. In these experiments, a rather blunt tip (radius of curvature Ϸ10 m) was brought into contact with the mica substrate about 1 mm away from the Au contact, and the piezo-feedback was switched off to avoid changes in the tip-substrate gap during the voltage scan. For a blunt W tip on mica treated with TE buffer (Fig. 4A) , the current was stable and increased almost linearly with applied voltage for positive tip bias. However, it saturated and showed considerable hysteresis on scan reversal with a negative tip bias. The observed EC behavior also depended on the pretreatment of the mica substrate. For example, the voltammetric behavior was very different when the mica was immersed in water for a few hours rather than treated with the TE buffer. In this case, the voltammetric curves at 100% RH at a blunt W tip (Fig. 4B) showed much smaller currents in the region of Ϯ5 V. Thus, pretreatment of the mica substrate to provide ions in the water layer and thus increase its conductivity appears to be useful. After treatment with buffer solution, a sufficient number of ions are present on the mica surface to yield a conductivity useful for imaging purposes.
To get a rough estimate of the effective tip radius immersed in the water layer, which will produce a tip current of ca. 1 pA at 1 V bias, we compared the behavior in a liquid film to the well-known ultramicroelectrode behavior of a polyurethanecoated W tip in a bulk solution of 1 mM Ru(NH 3 ) 6 3ϩ in 10 mM NaClO 4 (Fig. 5) . A sigmoidal diffusion-limited current superimposed on a linear background current was obtained for the reduction of Ru(NH 3 ) 6 3ϩ . From the equation for the steady-state current at an ultramicroelectrode, the effective radius of the tip is ca. 3 m. Also shown in Fig. 5 is the anodic background current that is the result of the oxidation of W [in the absence of Ru(NH 3 ) 6 3ϩ ] at potentials positive of Ϫ0.4 V vs. SCE (curve b). The anodic background current at this tip at ϩ0.5 V in this medium is about 1 nA. Thus, the observed pA current for a tip at a bias of 1 V vs. the large Au counter electrode would correspond to an estimated contact radius of Ͻ3 nm.
SECM Behavior. When a W tip (biased at ϩ3 V) in air approached the sample at 3 nm͞s, the current remained at 0 until it contacted the liquid layer, where the current increased very sharply, showing several orders of magnitude increase over a distance of a few nanometers. Accompanying this sharp increase in current as the tip contacted the liquid layer, both the parallel conductance and capacitance also increased very rapidly (see Fig. 6 ). The steady-state tip current provides the necessary feedback mechanism to control the tip position for high-resolution imaging.
Imaging. Because of the many potential pitfalls present in imaging with the STM, we used several structurally well-characterized biological molecules, which have distinctive three-dimensional structures and are hydrophilic on the majority of their surface to test the applicability of this technique.
DNA. As reported by Guckenberger et al. (3) , images of DNA on mica can be obtained by this technique. DNA on mica was prepared as follows: A small drop (Ϸ10 l) of a DNA specimen in TE buffer solution was placed on mica to cover an area of about 1 cm 2 and left to adsorb for 5 min. The mica was then Potential scan rate is 5 mV͞s. dipped in water for 1 s, partially dried for ca. 5 min in ambient air, and dipped again for 1 s in water. Excess water on the surface was carefully removed with tissue paper, and the sample was mounted on the SECM͞STM and allowed to equilibrate with the atmosphere within the humidity chamber before the imaging was carried out. Fig. 7A shows the images of several DNA molecules on mica, taken with a sharp W tip biased at 3 V at 80% RH. A higher resolution image of a DNA molecule obtained by scanning over a small area is shown in Fig. 7B . The imaging was more stable with a positive tip bias. There was also a tendency to lose the image after repeated scans over the same area, presumably because electroactive species and water at or near the tip are depleted. Interestingly, the magnitude of the signal could be partially recovered if one waited a few minutes between different frames of imaging. The signal could also be recovered by imaging different areas. Because the tip is riding in a very thin water layer, it can interact with the molecules and thus affect the image to some extent. The tip may also move molecules around on the surface. Nevertheless, the main feature of the image of the DNA sample prepared under the conditions described above shows an irregular, supercoiled geometry.
Proteins. Ab (mouse monoclonal IgG), enzyme (e.g., GOD), and hemocyanin (KLH) molecules were also imaged by this technique. To minimize aggregate formation, low concentrations of protein were used. However, for imaging purposes, the protein concentration should be high enough to have sufficient coverage of protein molecules on the mica surface so that they can be found fairly easily. Solutions of IgG (15 g͞ml) and GOD (22.5 g͞ml) prepared in a phosphate buffer solution appear to be appropriate for this purpose. The solution preparation conditions, as described in Materials and Methods, involved adding a drop of buffer with protein to the mica surface and allowing it to equilibrate in the humidity chamber about 1 hr before imaging. Fig. 8 shows a region of the mica surface that contains several mouse monoclonal IgG molecules. Most of the molecules of Ab were of similar size and had a characteristic quaternary structure: a C-shape with two arms and a body perhaps corresponding to the two Fab and one Fc fragments of the IgG molecule, as shown in Fig. 8C , a schematic drawing of the IgG molecule (16) . Note that the apparent alignment in the Ab structure shown in Fig. 8B was somewhat coincidental and was not seen in Fig. 8A or other frames of images, suggesting that the IgG images obtained are not associated with tip artifacts. The images of native IgG molecules obtained by this technique are similar to those found with x-ray crystallography (17, 18) and transmission electron microscopy (TEM) (19) . However, the apparent dimensions (Ϸ12 ϫ 9 nm) are significantly larger than those determined from x-ray crystallography (8.5 ϫ 6 nm). This probably results from resolution limitations because of tip size, although the size found for a moist isolated molecule could differ from that found in crystals. Information in the z-axis direction is limited, because of the lack of a quantitative relation between the charge-transfer rate and the tip-sample distance for this system, but the approximate height of the molecule is 5 nm, which is somewhat higher than the TEM and x-ray data (Ϸ4 nm). Fig. 9 shows the image of a group of GOD molecules on a mica surface at 81% RH. Most of them were of similar size. Some of the molecules show a dimeric structure, perhaps corresponding to the folded form of the two identical polypeptide chains of the GOD molecule. The monomeric unit is apparently a compact spheroid with dimensions of Ϸ8 ϫ 4 nm. The top-view images of some of the molecules are observed as nearly circles with diameters of ca. 7 nm, which might represent the third dimension of the spheroidal monomeric unit. Contacts between two monomeric units forming the dimer are confined to a long, narrow stretch. The overall dimensions of the GOD molecules are thus Ϸ8 ϫ 7 ϫ 8 nm, which are significantly larger than those (6.0 ϫ 5.2 ϫ 7.7 nm) determined from x-ray crystallographic data on the partially deglycosylated enzyme (20) .
Finally, we chose KLH to investigate this imaging technique, because it is fairly large, and thus one can test the effect of the thickness of specimen. It also has a distinctive cylindrical profile with 6, 9, 12 . . . parallel rows, depending on the size of the molecule (21) . Images of KLH molecules were taken at 65% RH with a W tip biased at 1.7 V, producing a reference current of 1 pA. Fig. 10A shows a cylindrical molecule with the suggestion of nine parallel sections. It has a rectangular profile with one dimension of 30-35 nm and the other dimension of 60-65 nm, which are close to those observed by TEM (21) . The image does show some shadow artifacts on one side of the molecule opposite to the tip scan direction, perhaps the result of the tip-substrate interaction after the tip passes over the highest point. However, the shape of the molecule is similar to the model for the structure of a gastropod hemocyanin with six parallel rows proposed in 1972 by Mellema and Klug (22) based on a computer-processed three-dimensional reconstruction of the TEM data. The reconstructed image reported previously showed a hollow cylindrical molecule partly closed at both ends by a collar and possibly a central cap. The walls were made from 60 morphological units for a six-row species. Each morphological unit was of similar size, shape, and orientation and contained two oxygen-binding sites. An analogous Mellema and Klug model for a gastropod hemocyanin molecule with nine (instead of six) parallel rows is shown in Fig. 10B . This result suggests that a specimen thickness Ͻ10-20 nm may not pose serious limitations in this imaging technique as long as the surface water film provides an ion conductive path to the tip.
Discussion
These results for DNA and several protein molecules on mica generally agree well with the findings reported previously and
show that a very thin water film adsorbed on the surface plays an essential role in successful imaging. The conductance of the mica substrate͞water film system depends strongly on not only the RH but also the surface treatment of the mica substrate. For example, the conductance of a bare mica surface can increase by at least five orders of magnitude as the RH is changed from Ͻ10% to 93%. It further increases by at least one order of magnitude at the same RH after the surface is treated with the TE buffer solution and rinsed. The enhanced conductance is attributed to the increased ion concentration in the thin electrolyte film on the mica substrate. The similarity between the observed RH dependence of the conductance and the water adsorption isotherm suggests that conductance is closely related to the amount of water adsorbed on the mica surface. The adsorption isotherm indicates initial weak interaction between water molecule and the mica surface followed by multilayer growth of water.
As summarized in Fig. 1 , the EC signal observed at the tip could arise from both capacitive and faradaic processes. However, charging processes are transient and cannot account for a true steady-state direct current. Because the voltammetric curves are perturbed by resistive drops between the tip and Au contact, it is difficult to identify with certainty the nature of the faradaic processes at the tip. At W, candidate reactions are oxidation of water to O 2 at high positive bias (and processes involving adsorbed species, e.g., oxidation of EDTA, azide, or adventitious impurities) and reduction of water or protons to H 2 , and reduction of dissolved O 2 at negative tip bias. In addition to these processes, oxidation of the W to oxide (WO 3 ) and, to a limited extent, reduction of native or electrochemically generated oxide at low bias region (to H x WO 3Ϫx ) are possible. Note that the faradaic processes also generate ions that can contribute to the solution conductivity. At low bias, ions in the water layer also play an important role in establishing the double layers at both electrodes and provide charge compensation for electrogenerated species. They may also affect the hydrophilicity of the substrate surface and the thickness and structure of the water layer that forms on it. Because the conductance and capacitance, (20) . Contacts between molecules forming the dimer are confined to a long, narrow stretch. and hence the current, is highly sensitive to the distance as the tip approaches the mica substrate (see Fig. 6 ), it is possible, as predicted theoretically by Yuan et al. (23) , to achieve nanometer resolution for the surface structures of many biological macromolecules with this mode of SECM. We should note that a previous report (24) also described ''gas phase electrochemistry'' in a thin film of liquid on an insulator surface, in agreement with the mechanism we have proposed.
The significantly larger estimated size of DNA and small protein molecules determined from images obtained by this technique as compared with other techniques (e.g., TEM) are probably because of the presence of water and salt around the molecules as well as the nonnegligible tip size, which limits the resolution. To obtain good resolution, as in other scanning probe techniques, the dimensions of the specimen should be large compared with the tip radius of curvature. It is also possible to deconvolute the images if one knows the exact tip shape and dimensions and the detailed mechanism of current feedback. One can also minimize the size deviation by optimizing the RH and the salt concentration to maintain an optimum water film thickness. Some distortions in the image may also be caused by deformation of the molecule by the tip during imaging, as frequently encountered in atomic force microscopic or STM images of biological samples (25) (26) (27) (28) (29) (30) . In spite of this discrepancy, the overall shapes of the DNA and protein molecules are well reproduced in this experiment and are similar to those determined from other more established techniques. These results give us confidence that this technique can reflect fairly accurately the native conformation of the DNA and protein molecules. They further indicate that a mica surface, which is atomically flat and can be easily modified chemically, is a suitable substrate for studying protein samples.
Conclusions
The images of biomacromolecules taken in humid air on a mica substrate demonstrate that the resolution can reach a few nanometers by this technique, although it is still not as high as that seen in STM of ordered conductive surfaces. Improved resolution should be possible by lowering the RH conditions to decrease the thickness of the water film but still keep the ionic conductivity of the mica substrate and the individual molecules high enough for detection. As stated above, the resolution is also a function of the exposed tip area, and perhaps this could be improved by treatment of the tip except at the very end with a hydrophobic agent to decrease the area above the contact point wet with water. The potential of this technique for highresolution chemical imaging, as successfully applied in bulk liquid phase SECM studies, is very attractive. However, a better understanding and better control of the physical and chemical processes within the water film are needed. Moreover, to obtain high resolution routinely, improved detection sensitivity and the utilization of different feedback control techniques are also needed.
